BACKGROUND-Intraindividual blood pressure (BP) fluctuates dynamically over time. Previous studies suggested an adverse link between greater visit-to-visit variability (VVV) in systolic blood pressure (SBP) and various outcomes. However, these studies have significant limitations, such as a small size, inclusion of selected populations, and restricted outcomes.
RESULTS-Several sociodemographic variables (older age, male sex, African-American race, divorced or widowed status) and clinical characteristics (lower baseline eGFR, higher SBP and DBP), and comorbidities (presence of diabetes, hypertension, cardiovascular disease, and lung disease) were all associated with higher intraindividual SBPV. The multivariable adjusted hazard ratios and 95% confidence intervals for SD quartiles 2 through 4 (compared to the first quartile) associated with all-cause mortality, CHD, stroke, and ESRD were incrementally higher.
CONCLUSIONS-Higher SBPV in individuals with and without hypertension was associated with increased risks of all-cause mortality, CHD, stroke, and ESRD. Further studies are needed to determine interventions that can lower SBPV and their impact on adverse health outcomes.
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Elevated blood pressure (BP) is the most common chronic medical disease observed in a variety of populations (1) . It has been consistently demonstrated that higher baseline BPboth untreated and treated -is associated with a higher risk for all-cause mortality, cardiovascular morbidity and mortality, and end-stage renal disease (ESRD) (2) (3) (4) (5) (6) (7) (8) . However, BP does not remain steady but instead fluctuates continually, within a 24-h period, from day to day, and from month to month (9) . Furthermore, these fluctuations are not random and tend to remain consistent within patients (10, 11) . Therefore, the traditional correlation between baseline BP and outcomes of interest has a potential to underestimate the true risk of elevated BP. This phenomenon, known as "regression dilution," arises from the combined effects of measurement errors and both short-term (diurnal and seasonal) and long-term (changes in BP with aging, antihypertensive medication use, and adherence to antihypertensive medications) within-individual variability of BP (12) . A large meta-analysis from the Prospective Study Group unequivocally demonstrated that the mean or "usual" BP, corrected for regression dilution, was strongly and linearly related to increased risk of mortality from coronary heart disease (CHD), stroke, and other vascular causes (13) . However, even averaging BP over longer periods of follow-up may not fully address risks associated with BP variations. Visit-to-visit variability (VVV) of BP is being increasingly considered as a newer method to evaluate intraindividual BP fluctuations.
Higher systolic BP variability (SBPV) has been shown to be a better predictor of all-cause and cardiovascular mortality (14-16), stroke (17, 18) , and cardiac disease (5, (19) (20) (21) , compared to average systolic blood pressure (SBP). Nevertheless, a strong adverse association between increased SBPV and cardiovascular disease (CVD) and stroke was not confirmed in all studies (21, 22) ; additionally, some studies found associations between higher SBPV with all-cause mortality, but not with stroke or coronary events (20) . Furthermore, these previous clinical observations have important limitations, such as being restricted to very specific or high-risk populations, having a small number of BP measurements and a small sample size, or assessing only selected outcomes. Therefore, we conducted a large cohort study involving 2,865,157 U.S. veterans who had at least 8 outpatient BP measurements to examine the prognostic significance of increased VVV of SBP on all-cause mortality, CHD, stroke, and ESRD.
Methods
We used data from a historic cohort study examining risk factors in patients with incident chronic kidney disease consisting of 3,582,478 patients with an estimated glomerular filtration rate (eGFR) of ≥60 ml/min/1.73 m 2 , based on serum creatinine measurements performed during October 1, 2004 , to September 30, 2006 in any U.S. Department of Veterans Affairs (VA) facility (23) (24) (25) . Of the 3,492,943 patients with any available SBP measurements, we excluded 5,466 with only inpatient SBP measurements and 622,320 patients who had ≤7 SBP records during follow-up. Our final analytic sample consisted of 2,865,157 patients (Online Figure 1) .
Sociodemographic Characteristics and Comorbidities
Cohort entry was defined as the date of the first eGFR measurement of ≥60 ml/min/1.73 m 2 during October 1, 2004, to September 30, 2006 . Information about baseline age, race, sex, marital status, per capita income, comorbid conditions, body mass index (BMI), service connectedness (indicating whether comorbidities were directly caused by military service, resulting in certain privileges such as preferential access to care and lower copayments), and receipt of influenza vaccinations during the cohort entry period, and frequency of health care encounters (defined as the number of health care visits/year throughout the entire follow-up period) were obtained from national VA research data files, as previously described (26) (27) (28) . Race was determined by combining information from VA sources with those obtained from Medicare through the VA-Medicare data merge project (29) . In case of discrepancies, we used the race determination from Medicare due to its more accurate nature (30) . Comorbidities and clinical events were assessed from the VA Inpatient and Outpatient Medical SAS Datasets using International Classification of Diseases, Ninth Revision (ICD-9) diagnostic and procedure codes and Current Procedural Terminology (CPT) codes (23) . Baseline (prevalent) comorbidities were defined as the presence of relevant ICD-9 and CPT codes recorded during the cohort entry period. In addition to VA data, we extracted select socioeconomic indicators using 2004 county typology codes (housing stress, low education, low employment, and persistent poverty) based on patients' home addresses, obtained from the Area Health Resources Files (AHRF) system. Geographic variation was examined by grouping Veterans Integrated Service Networks (VISNs) into 4 regions: Northeast (VISNs 1, 2, 4), Midwest (VISNs 10, 12, 15, 23), South (VISNs 5, 6, 7, 8, 9, 16, 17) , and West (VISNs 19, 20, 21, 22) (31).
Blood Pressure and Medication Use
Information about BP was collected from the date of cohort entry until the end of follow-up (death, last VA contact, or July 26, 2013). All BP values measured during outpatient clinical encounters in any VA facility throughout follow-up were recorded. In the case of multiple BP measurements taken on the same day, we selected only the last BP value. We expressed visit-to-visit SBP variability as the SD of the longitudinal intraindividual SBP measurements in each patient. VA pharmacy dispensation records (32) were used to assess baseline exposure to different classes of antihypertensive medications and to statin type of cholesterol-lowering medications.
Outcomes
Outcomes of interest were all-cause mortality, CHD, incident ischemic strokes, and ESRD. Deaths were identified from the VA Vital Status Files, the sensitivity and specificity of which (using the U.S. National Death index as gold standard) are 98.3% and 99.8% respectively (33) . Incident CHD was defined as the composite of a first occurrence of an ICD-9 or CPT code for acute myocardial infarction, percutaneous angioplasty, or coronary artery bypass grafting after October 1, 2006, in patients without such diagnoses prior to this date. Incident ischemic stroke was defined as the first occurrence of an ICD-9 code for ischemic stroke following the date of October 1, 2006, in patients without such diagnosis prior to this date. Information on ESRD (defined as initiation of renal replacement therapy) was obtained from the United States Renal Data System.
Statistical Analysis
Data were expressed as mean ± SD, median (interquartile range), and proportions, and examined across SD quartiles. Due to the large sample size, traditional statistical testing of differences in baseline characteristics was not carried out. The start of the follow-up period was the date of cohort entry for analyses of mortality and ESRD, and October 1, 2006, for incident CHD and stroke. Patients were followed until death or were censored at the date of the last health care or administrative VA encounter, or on July 26, 2013, for mortality, CHD and stroke, and December 31, 2011, for ESRD.
The association of SBP SD categories with the outcomes of interest was examined in crude (model 1) and multivariable adjusted Cox models. Models were adjusted sequentially based on a priori considerations for baseline values of age, sex, race, and baseline eGFR (model 2); baseline comorbidities such as diabetes mellitus, hypertension, CVD, congestive heart failure [CHF], cerebrovascular disease, peripheral arterial disease, chronic lung disease, dementia, rheumatoid diseases, peptic ulcer disease, chronic liver disease, hemiplegia, malignancies, human immunodeficiency virus/acquired immunodeficiency syndrome , depression, and BMI (model 3); per capita income, marital status, service connectedness, receipt of statins and influenza vaccination(s), frequency of health care visits, and living in areas with high housing stress, low education, low employment and persistent poverty, and medical diagnosis of non-adherence (the V15.81 code from ICD-9) (model 4); and baseline SBP and diastolic BP, and receipt of different antihypertensive medication classes at baseline (renin-angiotensin system inhibitors, beta-blockers, alpha blockers, vasodilators, thiazide diuretics, loop diuretics, potassium-sparing diuretics and centrally-acting alpha agonists), and geographic region (model 5). A total of 2,322,759 patients (81% of the total sample) had complete data for analysis in the final multivariable models. We used unimputed (complete data) analyses and we substituted missing data by performing multiple imputations. Sensitivity analyses were performed to examine the association of SBP SD with all outcomes of interest in subgroups of patients with different number of SBP measurements available for SD calculation and in various subgroups. Adherence to antihypertensive medications was estimated by proportion of days covered (PDC, defined as percentage of days a subject had medication available) (33) (34) (35) . PDC was calculated in a subgroup of individuals prescribed antihypertensive medications (n = 611,249). Good adherence was considered as PDC ≥80% (n = 487,886; 79.8%) and inadequate adherence as <80% (n = 123,363; 20.2%). The results of multivariable adjusted models including adjustment for PDC among antihypertensive drug users were similar to the main analyses (Online Table 1 ). We performed a sensitivity analysis, where VVV of SBP was assessed as the SD of at least 3 longitudinal intraindividual SBP measurements in each patient during the initial 12-month period of their follow-up. Statistical analyses were performed using STATA MP Version 13 and 14 (STATA Corporation, College Station, Texas). The study protocol was approved by the Research and Development Committees at the Memphis VA Medical Center and Long Beach VA Medical Center.
Results
The mean age of the cohort was 60 ± 13 years, 94% were male, 78% white, and 18% African American. Patients had a median of 24 (15 to 42) SBP measurements. The mean baseline SBP was 133 ± 18 mm Hg overall, and 127 ± 12, 130 ± 15, 134 ± 17, and 142 ± 22 mm Hg for SD quartiles 1, 2, 3, and 4, respectively. Baseline characteristics of the entire cohort, as well as the patients categorized by SD quartiles, are shown in Table 1 . Patients with higher SBPV were older, more likely to be male, African-American and unmarried, had lower income and higher prevalence of comorbid conditions, and more frequently used all classes of antihypertensive medications.
All-Cause Mortality
There were 484,887 deaths during a median follow-up of 8 years (16.9%; mortality rate: 22.87 [22.80 to 22.94] per 1,000 patient-years) in the entire cohort. An incrementally higher all-cause mortality was observed with higher SD quartiles in unadjusted ( Figure 1A) and adjusted models. In the fully-adjusted model, SD quartiles 2 through 4 (compared to the first quartile) were associated with all-cause mortality hazard ratios (HR) of 1.10 (95% confidence interval [CI]: 1.08 to 1.11), 1.32 (95% CI: 1.30 to 1.34), and 1.80 (95% CI:c1.78 to 1.82), respectively. The results remained essentially the same when missing values were imputed and in analyses using SBPV calculated from measurements performed during the first year of follow-up (Online Table 2 ).
Other Outcomes
There were 67,227 CHD events during a median follow-up of 8 years (2.7%; incident rate: 3.63 [3.60-3.66] per 1,000 patient-years). Higher SBPV was associated with significantly higher risk of incident CHD in unadjusted ( Figure 1B ) and all adjusted models ( Figure 2B ). In the fully-adjusted model, HRs of CHD for SD quartiles 2 through 4 (compared to SD quartile 1) were: 2.11 (95% CI: 2.02 to 2.19); 3.59 (95% CI: 3.45 to 3.72), and 5.92 (95% CI: 5.70 to 6.14), respectively. Similar trends were seen in imputed analysis ( Figure 2B ) as well as in analyses using SBPV calculated from measurements performed during the first year of follow-up (Online Table 2 ).
There were 62,523 incident stroke events during a median follow-up of 8 years (2.3%; incident rate: 3.16 [3.14 to 3.19] per 1,000 patient-years). Higher SBPV was associated with significantly higher risk of incident stroke in all models ( Figures 1C and 2C ). In the fullyadjusted model, HRs of stroke for SD quartiles 2 through 4 (compared to SD quartile 1) were 2.05 (95% CI: 1.95-2.14), 3.63 (95% CI: 3.47 to 3.79), and 6.60 (95% CI: 6.32 to 6.89), respectively. The results remained similar in imputed analysis ( Figure 2C ), and in analyses using SBPV calculated from measurements performed during the first year of follow-up (Online Table 2 ). There were 6,710 new ESRD cases during a median follow-up of 4.9 years (0.23%; incident rate: 0.39 [0.38 to 0.40] per 1,000 patient-years). Similar to the previous outcomes, higher SBPV was associated with higher risk of ESRD in unadjusted ( Figure 1D ) and all adjusted analyses ( Figure 2D ). In the fully-adjusted model, HRs of ESRD for SD quartiles 2 through 4 (compared to SD quartile 1) were: 1.33 (95% CI: 1.10 to 1.60), 2.56 (95% CI: 2.16 to 3.03), and 10.59 (95% CI: 9.02 to 12.43), respectively. The association between higher SBPV and ESRD was similar in imputed analysis and in analyses using SBPV calculated from measurements performed during the first year of follow-up (Online Table 2 ).
Subgroup Analyses
The results of fully-adjusted analyses in various subgroups are shown in Figure 3 . Higher SBPV remained predictive of worse survival ( Figure 3A ) and increased risk of incident CHD ( Figure 3B ), stroke ( Figure 3C ), and ESRD ( Figure 3D ) in all studied subgroups, including different geographic regions (Online Figure 2) . The exception was patients with CHF (4.7% of the whole cohort). In this subgroup, no increased mortality was observed in association with higher SD quartiles. However, similarly to the whole cohort, the adverse associations between higher SD quartiles and other outcomes (CHD, stroke, and ESRD) were present in patients with CHF ( Figures 3A through 3D ).
Discussion
To the best of our knowledge, this is the largest study to date examining the association between long-term visit-to-visit systolic blood pressure variability and all-cause mortality and cardiovascular and renal outcomes. Increased SBPV, measured via higher SDs of intraindividual SBP assessed over 8 years, was associated with a graded increase in the risks of all-cause mortality, incident CHD, stroke, and ESRD independent from baseline sociodemographic characteristics and comorbidities, including hypertension, BP, and antihypertensive medication use.
These findings confirmed and strengthened the importance of long-term variability in SBP for health-related outcomes. Previously, higher VVV in SBP was linked to increased allcause mortality among 956 enrollees of the third National Health and Nutrition Examination Survey (14) and among 8,811 participants of the ADVANCE (Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified Release Controlled Evaluation) study (36) . The ADVANCE study also demonstrated a higher risk of macrovascular and microvascular outcomes with higher VVV in SBP. Rothwell et al. showed that among 2 cohorts of patients (2,006 and 18,530 patients, respectively) with previous transient ischemic attack, higher VVV in SBP was associated with higher risk of subsequent stroke independent of mean SBP (17) . The risk of stroke was similarly higher during 5.4 years of follow-up with the higher VVV in SBP among 58,228 women enrolled in the Women's Health Initiative (18) . Increased SBPV was also linked to adverse renal outcomes. One SD higher SBPV was associated with 15% (95% CI: 11% to 20%) higher incidence in renal dysfunction defined as new proteinuria on dipstick, eGFR <60 ml/min1.73 m 2 , or rapid eGFR decline (≥3 ml/min/1.73 m 2 per year) in a nationwide Japanese study including 48,587 participants (37) . A post hoc analysis of the Irbesartan Diabetic Nephropathy Trial and the Reduction of End Points in Non-Insulin-Dependent Diabetes with the Angiotensin II Antagonist Losartan study that included 2,739 individuals with baseline nephropathy demonstrated that greater baseline VVV in SBP was associated with higher risk of the composite outcome of doubling serum creatinine, ESRD, or death, but not with cardiovascular outcomes (38) . In a subset of 21,245 patients from the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attach Trial, higher VVV in SBP was also associated with increased risk of ESRD, 50% decline of eGFR, or both (39) .
The methods for assessing long-term or VVV in BP are not standardized. It has been argued that SD of SBPV is directly related to BP levels; therefore, high SD would be seen in patients with higher BP. However, it has been shown in several reports that the SD of intervisit SBP measurements correlates with other more complex methods of VVV assessment, which are independent from mean SBP, such as variation independent of mean, average successive variability (17) , and SD reg -, the SD about the participant's regression line with regressed SBP across visits (18) .
Visit-to-visit variability is more than a measurement error as VVV was observed even in trials that aggressively standardized BP determination techniques and monitored adherence. Moreover, VVV derived even from routine office "unstandardized" BP values was well reproducible (11) . The reasons behind increases in VVV are unclear but several mechanisms were proposed, such as nonadherence to BP medications (40) , changes in the elastic properties of blood vessels and aortic distensibility (41) , and disturbed baroreflex function leading to exaggerated pressor response to physical and emotional stimuli, as well as social and lifestyle factors (42) . In turn, increased VVV caused greater stress on blood vessels and endothelial dysfunction promoting early target-organ damage (43) . Visit-to-visit variability was shown to correlate positively with pulse wave velocity and negatively with anklebrachial index, suggesting a link between impaired vascular function and VVV (19) . Interestingly, limited data suggested that antihypertensive drug classes are associated with differential effects on VVV. A meta-analysis of 389 randomized controlled trials of antihypertensive medications demonstrated that when antihypertensive drug classes were compared with each other, calcium channel blockers (CCB) and nonloop diuretics were associated with respective reductions of 19% (p < 0.001) and 13% (p = 0.007) in VVV in SBP; whereas angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, and beta-blockers were associated with increases in SBPV of 8% (p = 0.008), 16% (p < 0.001), and 17% (p < 0.001), respectively (44) . Only CCB, as an antihypertensive drug class, was associated with a reduction in SBPV compared with placebo (44) . Future studies are needed to better understand the effects of antihypertensive medications on SBPV as a potential intervention to reduce the risks associated with high visit-to-visit variability in BP.
Study Limitations
The strengths of our study included its large sample size of almost 3 million individuals, the use of a large number of BP measurements to calculate SBPV variability, and its representativeness of veterans across the United States. However, several limitations of our analysis need to be recognized. This was an observational study; therefore, we only reported associations and cannot make inferences about the causality of SBPV. Although we used adjusted analyses accounting for numerous baseline patient characteristics, we cannot exclude the effect of potential unmeasured confounders on our results. Additionally, our cohort consisted of predominantly male veterans; thus, these results may not be generalizable to women or to general populations. Previous studies have shown some discrepancies in BP variation between men and women as well as, perhaps, different levels of prognostic significance between men and women (22) . Not all potential confounders affecting outcomes were included such as smoking status and baseline proteinuria, as the data on these variables were not available in sufficient numbers for analysis. We studied SBPV, but did not examine separately diastolic BP variability; however, it has been shown in several previous studies that VVV variability in diastolic BP had poor correlation with stroke (17) and all-cause mortality (14) .
Conclusions
Greater SBPV was associated with higher risk of all-cause mortality, CHD, stroke, and ESRD. In addition to being an important prognostic indicator, SBPV may also become a therapeutic target. Future studies are needed to examine the effects of interventions that lower SBPV on clinical outcomes. A variety of intrinsic and extrinsic factors influence visit-to-visit systolic blood pressure variability (SBPV), which was measured using SDs of normally distributed SBP values. As SD quartiles rose, so too did risk of all-cause mortality, incident coronary heart disease (CHD), stroke, and end-stage renal disease (ESRD). CI = confidence interval. Table 1 Baseline Characteristics 
